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Abstract. We have calculated the migration barriers for surface diffusion on
Tungsten. Our results form a complete parameterization for Kinetic Monte
Carlo simulations of arbitrarily rough atomic tungsten surfaces, as well as
nanostructures such as nanotips and nanoclusters. The parameterization includes
first- and second-nearest neighbour atom jump processes, as well as a third-nearest
neighbour exchange process. The migration energy barriers of all processes are
calculated with the Nudged Elastic Band method. The same attempt frequency
for all processes is found sufficient and the value is fitted to Molecular Dynamics
simulations. The model is validated by correctly simulating with Kinetic Monte
Carlo the energetically favourable W nanocluster shapes.
Keywords: Kinetic Monte Carlo, surface diffusion, tungsten, nanotips, Nudged
Elastic Band
ar
X
iv
:1
90
9.
03
51
9v
1 
 [c
on
d-
ma
t.m
trl
-sc
i] 
 8 
Se
p 2
01
9
Tungsten migration energy barriers for surface diffusion: a parameterization for KMC simulations 2
1. Introduction
Tungsten is one of the most commonly used materials
in various applications of vacuum electronics, spanning
from electron and ion sources to atom probes and X-
ray tubes, mainly due to its hardness, high density,
high melting temperature and resistance to oxidation.
Due to the aforementioned importance, the evolution
of tungsten surfaces due to self-diffusion has attracted
the interest of many researchers for many decades [1–
8].
Although theoretical diffusion models have been
used to describe the macroscopic evolution of W
surfaces [2], an accurate description of the underlying
processes at the atomic level is necessary to understand
the evolution of nanoscale structures [9]. Such a
description can be achieved by means of atomistic
simulations such as Density Functional Theory (DFT),
Molecular Dynamics (MD) and Kinetic Monte Carlo
(KMC).
Kimocs [10, 11] is an open-source KMC code that
has been shown to be an effective way to study the
thermal evolution, driven by atom diffusion, of atomic
surfaces and nanostructures. Kimocs has been used
to simulate Cu nanotips and nanowires [10, 12, 13],
Au nanowires [9], and Fe nanoclusters [14]; showing
good agreements with both Molecular Dynamics (MD)
simulations and experiments.
In order to simulate any atomic system with
Kimocs, a parameterization containing the migration
energy barriers and attempt frequencies for all
the considered atom transitions, is needed. The
parameterization gives the physical properties of the
simulated material and thus plays a similar role for
KMC as the interatomic potentials plays in MD
simulations.
The attempt frequencies are commonly taken to
be the same for all atom jumps in KMC models,
as was done in [9, 10, 12, 14]. It has however been
suggested that the attempt frequencies may be orders
of magnitudes higher for atom jumps longer than
the first-nearest neighbour distance [15]. This result
by G Antczak and G Ehrlich was obtained by multi-
variable fitting of KMC simulations results to Field Ion
Microscopy data of W adatom diffusion on the {110}
surface; long jumps on the {100} surface, where only
long jumps are possible, were not studied.
The migration energy barriers may be calculated
using MD and the Nudged Elastic Band method
[16, 17]. Kimocs uses a rigid atomic lattice and
the transitions are defined by counting the number
of neighbour atoms (see section 2). With this
parameterization, between 1000 and 7000 first-nearest
neighbour jump barriers need to be calculated for
a complete parameterization. For the body-centred
cubic (bcc) lattice, such as for Fe and W, also longer
transitions, such as the second-nearest neighbour
jumps may play a important role. In [12, 14], a small
number of second-nearest jumps were included in the
simulations of the bcc Fe nanoclusters, along the first-
nearest neighbour jumps, as the bcc{100} surfaces were
important in the study. Even though the number of
second-nearest neighbour barriers were quite small,
the simulations still showed good agreement with the
experiments [12, 14].
In this work we present a complete KMC
parameterization of the atom transitions on tungsten
surfaces, which allows KMC simulations of arbitrary
tungsten surfaces and other nanostructures, such as
nanoclusters. The parameterization includes large sets
of calculated first- and second-nearest neighbour atom
jump barriers, as well as a third-nearest neighbour
exchange process that is likely to be important
on {100} surfaces. We will show that using one
attempt frequency for all atom transitions gives
sufficient precision and we will fit this attempt
frequency by comparing to MD simulations of nanotips
(sections 3.1.4 and 3.1.5). We will validate the
parameterization by showing that it predicts correctly
in KMC simulations the energy minimum shapes of
W nanoclusters (section 3.2). Finally, we will discuss
the results (section 4) and summarize our conclusions
(section 5).
2. Methods
In this work we used the open-source KMC code
Kimocs [10, 11]. Kimocs was specially developed to
study atom diffusion processes on metallic surfaces. It
uses a rigid lattice for the atoms, that are either face-
centred-cubic (fcc) or body-centred-cubic (bcc). Atom
transitions up to third-nearest neighbour distance
vacant lattice sites, as jumps or exchange processes,
may currently be considered by the code. In this
paper we use a bcc lattice and the considered atom
transitions, as included in the W parameterization, are
described in detail in section 3.1.
The probability rate of any atom transition event
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in KMC is calculated using Arrhenius’ equation
Γ = ν exp
(−Em
kBT
)
, (1)
where T is the temperature of the system, kB is
the Boltzmann constant, Em is the migration energy
barrier, and ν the attempt frequency. The migration
energy barriers Em are different for all atom transition
processes and need to be tabulated prior to the
KMC simulations. The individual atom transitions are
described in the Kimocs parameterization by counting
the number of first and second nearest neighbours of
the initial position (a and b) as well as the final position
(c and d). This parameterization is also called the 4d
parameterization for short [12]. We only consider pure
metals in our simulations.
2.1. Molecular Dynamics and Nudged Elastic Band
calculations
All MD simulations were done using LAMMPS [18].
The set of migration barriers Em for W was calculated
with LAMMPS using the Nudged Elastic Band (NEB)
method [16, 17] with the tethering approach [12], where
the barriers are calculated on an atomic lattice which
has been made semi-rigid by tethering every atom in
the system with a small tethering force. The tethering
force is not explicitly included in the calculation of the
system potential energy nor the energy barrier. This
approach avoids the discrepancy between describing
processes in unstable atomic configurations, where
atoms may relax to other lattice positions, and in
a rigid lattice, such as the one used in Kimocs,
while still keeping the systematic error, which may be
introduced by the extra tethering forces, at a minimum.
The tethering method is extensively described and
discussed in [12] and has also been successfully
used before to reproduce experimental results for Au
nanowires [9].
The atom jump processes are either calculated
with NEB on a substrate with a {110}, {100}, or
{111} surface, or in a bulk system, where neighbour
atoms have been added or removed to give the
desired (a, b, c, d) configuration. If several processes
with the same jump distance can be described by
the same (a, b, c, d) configuration, the one with the
lowest barrier value is used; barriers calculated on one
of the aforementioned surface substrates are however
prioritized to barriers calculated in the bulk [12].
For the NEB barrier calculations and all MD
simulations, we used the EAM4 W potential from [19].
The implementation of the potential also included a
short range stiffening from [20], but that would only
affect atoms with kinetic energies above 10 eV, which
would not appear in our 0 K NEB calculations. We
also tried the interatomic potential by Derlet et al. [21],
but the convergence of the NEB calculations with this
potential was found to be too slow for this work, where
we need to calculate thousands of barriers.
The calculated parameter set for W is described
in section 3.1.
3. Results
3.1. W parameterization
Our W parameterization includes all migration energy
barriers and their attempt frequencies, for all atom
transitions needed to correctly simulate W surfaces
with KMC. As discussed in section 3.1.5, we will use
the same attempt frequency for all transitions. The
parameterization includes three separate subsets of
barriers: first-nearest neighbour jumps, second-nearest
neighbour jumps, and a third subset with only a single,
but still important, third-nearest neighbour exchange
process. Example processes are shown in figure 2. To
get a full physical description of the diffusion-driven
evolution of a W surface, all three subsets need to
be included in the used parameterization in the KMC
simulations. The three barrier subsets are included in
the Supplementary Materials.
3.1.1. First-nearest neighbour jumps For the first-
nearest neighbour distance jump processes, 1734
migration energy barriers were calculated with NEB
and are shown in figure 1(a). The different jumps are
identified by the number of first- (a and c) and second-
nearest (b and d) neighbour atoms of the initial atom
lattice position and the target vacancy position, giving
four integer values describing every process, (a, b, c, d).
The jumping atom will thus be counted as a first-
neighbour atom of the target vacancy (c). Jumps to a
target position with no first-nearest neighbours (c ≤ 1)
are not included, as we do not consider evaporation
processes in this work. The (a, b, c, d) parameters takes
values between 0 ≤ a ≤ 7, 1 ≤ b ≤ 6, 2 ≤ c ≤ 8, and
0 ≤ d ≤ 6.
3.1.2. Second-nearest neighbour jumps Second-nearest
neighbour distance jump processes are particularly im-
portant on the bcc{100} surface, as no first-nearest
neighbour jumps are possible on this surface, but these
long processes may also play a role on other sur-
faces and e.g. on edges between different facets. For
this subset, 391 second-nearest neighbour jump barri-
ers were calculated, which includes all possible surface
jumps, but not clear-cut bulk processes. The barriers
are shown in figure 1(b). The jump processes are again
identified by the (a, b, c, d) parameters; the same way
as the first-nearest neighbour jumps, although here the
jumping atom will of course be counted as one of the
second-nearest neighbour atoms of the target vacancy
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(a) First-nearest neighbour jumps (b) Second-nearest neighbour jumps
Figure 1. The migration energy barriers versus the difference of number of first-nearest neighbours (1nn) of the jumping atom, after
and before the jump (not counting the jumping atom itself as a neighbour for the 1nn jumps). The first-nearest neighbour jumps
(1nn) are shown in (a) and the second-nearest neighbour jumps (2nn) in (b).
(d). Processes with two or less first-nearest neighbour
atoms (a, c ≤ 2) of the initial or target vacancy position
were not included as these positions are not likely to
be stable. Jumps from and to such unstable positions
are however already allowed via first-nearest neigbour
jumps. Of the first-nearest neighbour atom positions of
the initial and final position, four positions are common
and their atoms are counted in both a and c. We only
considered cases with two such common neighbours,
as less would correspond to a non-continuous surface,
and more than two common atoms would correspond
to a bulk case where a second-nearest neighbour atom
jump would likely be blocked by these neighbour atoms
from happening in the first place. Cases with (b > 5)
where also discarded, as this is only possible for bulk
processes and thus beyond the scope of this work. All
in all, the (a, b, c, d) parameters takes values between
2 ≤ a ≤ 6, 1 ≤ b ≤ 4, 2 ≤ c ≤ 6, and 2 ≤ d ≤ 5.
3.1.3. Third-nearest neighbour exchange processes
The diagonal exchange process (3nn in figure 2),
where two atoms move in concert so that the effect is
that one atom appears to have made a third-nearest
neighbour distance jump, may be important on the
bcc{100} surface and is therefore also included in the
parameterization. The exchange process is described
the same way as the first- and second-nearest jumps,
by counting the neighbours: (4, 1, 4, 1). The barrier was
calculated with NEB to be 1.96 eV, which is less than
the 2.64 eV barrier of the simplest bcc{100} second-
nearest neighbour atom jump (4, 1, 4, 2). Calculating
other exchange processes or third-nearest neighbour
processes would of course further increase the precision
of the model, but this is beyond the scope of this work.
In the KMC simulations with Kimocs, an
Figure 2. In the left panel, the first-nearest neighbour (1nn)
atom jump (2,2,3,2) on a {110} surface. In the right panel, the
second-nearest neighbour (2nn) jump (4,1,4,2) and the third-
nearest neighbour (3nn) exchange process (4,1,4,1); both on a
{100} surface. In the exchange process, the green atom will
push the blue atom along the direction of the arrow to the 3nn
position, while taking its original position.
exchange process will be treated as a single-atom jump
with the difference that the barrier is the one calculated
with NEB for the actual process, where the exchange
was taken into account. The actual exchange of atoms
in Kimocs is ignored, but as all atoms are of the same
element, this will not change the evolution.
3.1.4. Attempt frequencies of long vs short transitions
Additionally to the migration energy barrier Em, the
attempt frequency ν is needed to give the correct
probability rate for any atom transition, as described
by equation 1. For KMC models, where only first-
nearest neighbour jumps have been included, it has
been found sufficient to only use a single ν value for
all jumps. However, in our parameterization we are
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Figure 3. Diffusivity data along x and y directions as reported
in [15] (markers), fitted with two different models: the simple-
jump model which considers only first-nearest neighbour jumps
(solid lines) and the long-jump model considered in [15] (dashed
lines).
also using second-nearest neighbour jumps, as well as a
third-nearest neighbour exchange process, which raises
the question whether it is still a good approximation
to only use a single ν value.
G Antczak and G Ehrlich [15] fitted attempt
frequencies of atom long jumps on a W{110} surface
by comparing KMC simulations with Field Ion
Microscopy diffusion results. Their fitted attempt
frequency for second-nearest neighbour atom jumps
was four orders of magnitudes larger than for first-
nearest jumps; for a third-nearest jump, they found
the attempt frequency to be seven orders of magnitudes
larger.
However, their analysis significantly overestimates
the contribution of the long jumps in the diffusion
process. In figure 3 we plot the diffusivity data reported
in figure 1 in [15] (markers). The dashed lines represent
the long-jump model in [15], which includes jumps on
the W{110 } surface (denoted as β, δx and δy jumps),
with the diffusivities being calculated according to
equation (1,2) in [15], using the barriers and attempt
frequencies extracted in [15] for each jump. The solid
lines represent a simple-jump model which includes
only first-nearest neighbour jumps (denoted as α in
[15]) with a fitted barrier of 0.92 eV and an attempt
frequency ν = 3.52× 1012 s−1.
The relative error of each curve is shown in the
legend. We see that the simple model reproduces
the experimental data with about half the error, as
compared to the long-jump model. Furthermore, the
line of the long-jump model is curved upwards, which
is not expected normally for the diffusivity on a
metal surface. In fact, the long-jump model predicts
a diffusivity of the order of 10−3 m2/s at T = 3000 K,
which is not physical for a solid metal. Therefore, we
may conclude that the attempt frequencies of the order
of 1016 – 1019 s−1 extracted in [15] are significantly
overestimated.
A method to calculate the attempt frequencies is
to simulate the diffusion of a single adatom defect on
a perfectly flat surface. Since we already calculated
the (non-tethered) migration energy barriers Em for
the adatom transitions listed in table 1, we can count
the number of jumps Nj of a particular kind that the
adatom does during a time period t. We can then
calculate the probability rate for this kind of jump as
Γ =
Nj
tNp
, (2)
where Np is the number of different directions that
the adatom can do the jump at any lattice point. For
a perfect W{110} or W100} surface, with only one
adatom, we will have Np = 4 for any jump of the
adatom. The attempt frequency of the jump can then
be obtained as
ν = Γ exp
(
Em
kBT
)
. (3)
Our atomic system consisted of a single W adatom
on square W{110} or W{100} surface with both sides
5 nm and a thickness of 2 nm. The lowest layer of
atoms were fixed. The system was simulated with
constant volume and temperature at 2500 K. The
lattice parameter of the atomic system was obtained
in a separate simulation by relaxing the volume of a
bulk system at constant zero pressure at 2500 K.
For the {110} case, the adatom was allowed to
diffuse for 200 ps before the simulation was stopped
(figure 4). This was repeated 6 times with different
seeds. For the {100} case, the diffusion was dominated
by third-nearest neighbour exchange processes with
only a few second-nearest neighbour jumps; first-
nearest neighbour jumps not being possible at all
on this particular surface. The adatom defect (which
changed atom after every exchange process) was traced
in Ovito [27] and the number of (4,1,4,1) and (4,1,4,2)
transitions were counted. Other adatoms and vacancies
were occasionally created due to the high temperature.
The transitions of the adatom defect were only counted
until the adatom defect was blocked when another
adatom came within a third-nearest neighbour distance
and thus blocking the jump possibilities of the diffusing
adatom defect.
The average jump rates Γ for the different
simulations are listed in table 2 and the obtained
attempt frequencies ν are listed in table 1. The attempt
frequencies are found to differ slightly more from each
other with the largest difference of a factor ∼25 found
between the first- and the second-nearest jumps.
A second way to roughly estimate the attempt
frequency is by using the harmonic approximation
method where the adatom at the initial equilibrium
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Table 1. Migration energy barriers for three different processes, calculated with NEB, with and without the use of tethering, and
compared to DFT values. The DFT values in parenthesis are calculated for a “zigzag” reconstructed {100} surface, which may occur
below 250 K [23–25] (see discussion in section 4). The attempt frequencies are estimated from MD diffusion simulations and by the
harmonic approximation (HA) of the non-tethered data. The errorbars are the standard deviations of six MD runs with different
seeds.
Process Surface Em Em (Tet.) Em (DFT) ν (MD) ν (HA)
[eV] [eV] [eV] [s−1] [s−1]
(2,2,3,2) 1nn jump {110} 0.63 0.63 0.87a (1.1± 0.1) · 1012 1.5 · 1012
(4,1,4,2) 2nn jump {100} 2.64 2.66 2.27a, 2.47b, (2.49b) (2.7± 2.2) · 1013 1.9 · 1012
(4,1,4,1) 3nn exchange {100} 1.95 1.96 1.55b, (2.05b) (8.5± 2.2) · 1012
a [26], b [25].
Table 2. The average probability rates 〈Γ〉, as defined in equation 2, calculated for different processes from MD simulations of
a single diffusing adatom defect on a perfect surface. The average times 〈t〉 for the considered adatom defect diffusion paths are
also shown. The {100} data are from the same set of simulations. The errors are estimated as the standard deviation of 6 separate
simulations of each surface case, using different seeds.
Process Surface 〈Γ〉 〈t〉
[s−1] [s]
(2,2,3,2) 1nn jump {110} (6.0± 0.6) · 1010 (2.0± 1.6) · 10−10
(4,1,4,2) 2nn jump {100} (1.3± 1.0) · 108 (3.5± 1.6) · 10−9
(4,1,4,1) 3nn exchange {100} (1.0± 0.3) · 109 (3.5± 1.6) · 10−9
Figure 4. MD simulation of an adatom diffusing on a {110}
surface for 200 ps at T = 2500 K. The atoms are coloured
according to their z coordinate, except for the diffusing atom,
which is coloured red. The trace of the diffusing atom is shown
as a grey line. The figure is made with Ovito [27].
lattice position is approximated as a harmonic
oscillator with a potential
U =
1
2
kx2, (4)
where k is a spring constant and x the displacement
from equilibrium. By fitting equation 4 to the NEB
calculated potential landscape of the one-dimensional
atom transition, as seen in figure 5, k can be obtained
and the attempt frequency ν can be estimated as [22]
ν =
1
2pi
√
k
m
, (5)
where m is the mass of the W atom. In figure 5
are shown the NEB-calculated minimum energy paths
(no tethering is used) for the first-nearest neighbour
(2,2,3,2) atom jump and the second-nearest neighbour
(4,1,4,2) atom jump. The harmonic fits are shown as
black curves around the initial position. The resulting
attempt frequencies are presented in table 1. The
values for the jump processes are found to be between
1.5 · 1012 and 1.9 · 1012 s−1 and thus within the
same order of magnitude, but slightly lower as found
previously with the MD diffusion simulations.
3.1.5. Fitting of a global attempt frequency Since
calculating the attempt frequencies for all thousands
of atom transitions included in our model is rather
unfeasible, we will instead fit a global attempt
frequency ν which we will use for all processes, similarly
as have been done in previous KMC models [9, 10, 12].
The error from doing this will be minimal as we
previously established that the attempt frequencies of
long jumps and exchange processes are not expected
to differ much more than an order of magnitude from
each other. This global ν will only affect the time
estimates of the KMC model and is thus merely a
scaling factor and only roughly correspond to the
attempt frequencies calculated for individual processes
(table 1). This frequency ν was obtained by simulating
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Figure 5. The migration energy barriers for the first-nearest
neighbour (1nn) distance (2,2,3,2) jump process on the {110}
surface, the second-nearest neighbour (2nn) distance (4,1,4,2)
jump process on the {100} surface, and the third-nearest
neighbour (3nn) distance (4,1,4,1) exchange process on the {100}
surface. The black lines are the harmonic fits. These barriers were
calculated with NEB without tethering.
the flattening process of a nanotip [figure 6(a)] with
both MD and KMC and fitting the KMC attempt
frequency so that both simulation techniques gave the
same flattening time value. This way, the time estimate
of the KMC model can be expected to give a time
estimate within the same order of magnitude as if the
simulations were done with MD.
The MD simulations were done at constant volume
and temperature (3000 K). The W nanotip was a
2.7 nm high cylinder with a 1.8 nm diameter, standing
on a bcc{110} substrate, 10 × 10 nm2, and 2.9 nm
thick. The lowest layer of atoms were fixed. The lattice
parameter of the atomic system was obtained in a
separate simulation by relaxing the volume of a bulk
system at constant zero pressure at the same 3000 K
temperature.
Tungsten is a fairly rigid material and the W
tip will therefore be rather stable, but at 3000 K
the tip will still slowly decrease in height due to
atom diffusion, while maintaining its crystal lattice
structure. A similar tip flattening has also been
experimentally observed in W nanowires when a high
field emission current density runs through them [5].
The flattening time is here defined as the time it takes
for the tip to decrease in height below a threshold that
corresponds to a decrease of one atomic layer (figure 7).
The average flattening time was, after 10 repeated runs
with different seeds, found to be (3.02± 0.98) · 10−9 s.
The same system was subsequently simulated
with KMC using ten different attempt frequencies,
ten different runs for every case, and the best fit
attempt frequency ν = (4.3 ± 2.1) · 1014 s−1 could be
found by comparing the flattening times to the MD
value (figure 8), which we can now use as our global
attempt frequency in our KMC model. The nanotips
in the KMC simulations followed the same qualitative
evolution as observed in the MD simulations and can
be seen in figure 6.
3.2. Validation of the W parameterization
We validated the W parameterization by simulating
four different atom clusters, labelled I to IV and
shown in figure 9. Any W cluster of any shape should
with enough time evolve towards its energy minimum
shape, which theoretically should be quite close to the
Wulff construction shape. The Wulff construction is
based on the surface energies of the different possible
facets. In our case, as the barriers are calculated
using an interatomic potential, the minimum energy
shape should be the Wulff construction based on the
surface energies calculated with the same interatomic
potential. These values are listed in table 3. The Wulff
construction will also vary in shape with the size of
the cluster. For creating our Wulff-constructed clusters,
we used the Atomic Simulation Environment Python
library [28].
We simulated four different W clusters to see
if their thermal evolution would approach the Wulff
construction for the respective sizes. Cluster I and II
had both 1024 atoms and a temperature of 3000 K.
Cluster I was initially in the shape of the Wulff
construction [figure 9(a)]. After 2.0 · 10−7 s or 1.2 · 107
steps (atom transitions), the cluster was still largely
unchanged [figure 9(b)], as was expected. Cluster II
had the initial shape of a cube [figure 9(c)]. This cluster
changed already after 1.7 · 10−8 s or 106 steps into the
Wulff construction and was like this still at 2.0 · 10−7 s
or at step 1.2 · 107 [figure 9(d)].
Clusters III and IV had both 39.000 atoms and a
diameter of 2 · 10−7 m and a temperature of 2300 K.
Both cluster were given the shapes of the Wulff
construction, but cluster III used the surface energies
calculated with the interatomic potential and cluster
IV the surface energies calculated with DFT. All
surfaces energies are listed in table 3. The MD values
are taken from [19] and the DFT values from [29].
Both the MD potential and DFT favours the {110}
surface, but the {100} surface is slightly more favoured,
compared to the other surfaces, by the MD potential
than by the DFT calculations, as can be seen in table
3.
The most stable cluster was, as expected, cluster
III [figures 9(e) and 9(f)] with the initial shape of the
Wulff construction based on MD values (table 3), as
the KMC barrier set were also based on this potential.
The Wulff shape features large {110} (yellow) and
small {100} facets (green). In the case of cluster I,
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(a) Initial (b) MD (c) KMC
Figure 6. Flattening of a W cylindrical nanotip (a), shown as a cross-section. The final shape is shown for MD in (b), and for our
KMC model in (c). The figures are made with Ovito [27].
Figure 7. MD simulations of the W nanotip flattening, showing
the nanotip height versus simulation time for ten different
statistical runs. The height evolution is seen to be discrete as
the bcc lattice of the nanotip is largely intact. When all atoms
are below the height threshold 2.57 nm, marked with a dashed
line, the top atomic monolayer of the nanotip is empty.
Table 3. Surface energies for different W bcc surfaces, relative
to the energy of the {110} surface energy γ110, which with
MD is 15.7 eV nm−2 (2.52 J m−2) and with DFT 25.0 eV nm−2
(4.005 J m−2). The MD values are from [19] and the DFT values
from [29].
MD DFT
{ijk} γijk/γ110 γijk/γ110
{110} 1.000 1.0000
{100} 1.165 1.1573
{211} 1.189 1.0429
{310} 1.191 1.0744
{311} 1.231
{511} 1.233
{111} 1.278 1.1116
Figure 8. KMC simulations of the flattening of the W nanotip
with different attempt frequencies ν. The MD value for the
flattening time and its errobars are shown with black full and
dotted lines, respectively. The intersection between the KMC
and the MD results is found at ν = (4.3 ± 2.1) · 1014 s−1. The
errorbars are the standard deviations of ten different statistical
runs.
the shape was still unchanged after 6.2 µs or 1.1 · 108
steps. In KMC, only one transition (or event) happens
every step. For most of the 108 steps, a first-nearest
neighbour jumps was carried out, but 9.6 · 104 second-
nearest jumps and 4.5 · 105 exchange processes were
also carried out during the simulation.
Cluster IV [figures 9(g) and 9(h)] had as the initial
shape the Wulff construction based on the DFT surface
energy values (table 3). The Wulff shape has larger
{211} (red-green) and {310} facets (green-yellow), and
smaller {111} (yellow) facets than cluster III. After
2.5 µs, the {211} and {310} facets have disappeared
and large {100} facets have formed and this shape
stays until the end at 6.5 µs or 1.1 · 108 steps, as
shown in figure 9(h), suggesting that the large {100}
facets form a local energy minimum, even though it
can not be excluded that cluster IV, given enough
time, would transform to the same shape as cluster
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(a) I initial (b) I final
(c) II initial (d) II final
(e) III initial (f) III final
(g) IV initial (h) IV final
Figure 9. KMC simulations of W clusters, showing the initial and final shapes. Cluster I and II have 1024 atoms and are simulated
at 3000 K. Cluster I is initially in the shape of the Wulff construction using the MD potential surface energy values (a), whereas
cluster II has initially a cubic shape (c). Cluster III and IV have 39.000 atoms and are simulated at 2300 K. Both cluster III (e)
and IV (g) have the initial shapes of the Wulff construction, but III is using the MD potential surface energy values and IV the
DFT values. (f) and (h) show the final shapes of cluster III and IV, respectively, after 6 µs. The atoms are coloured according to
their coordination number in order to highlight the different facets. {110} facets are shown as yellow, {100} green, {211} facets are
red-green striped, and {310} facets are yellow-green striped. Figures made with Ovito [27].
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III, which should have a shape very close to the global
minimum given by the MD potential that the KMC
parameter set is based on. Of all 108 transitions in
the simulation, 4.0 · 105 were second-nearest neighbour
jumps and 1.5 · 106 third-nearest neighbour exchange
processes.
4. Discussion
In this work, we have calculated a parameterization
for W surfaces in a similar manner as were done
previously for Cu, Fe and Au in [9, 12], with a near-
complete set (pure bulk processes not considered)
of second-nearest neighbour jumps included and also
a third-nearest neighbour exchange process. The
parameterization describes a set of all atom transitions
that we consider necessary for KMC simulations of W
surfaces. For every process, labelled by its (a, b, c, d)
configuration (see section 2), a migration barrier
has been calculated with NEB. We have calculated
three separate subsets, which together constitute the
complete W parameterization:
• A complete subset of first-nearest neighbour atom
jumps.
• A near complete subset of second-nearest neigh-
bour atom jumps. Processes with almost all neigh-
bours present were omitted to limit the number
of NEB calculations (see section 3.1). These pro-
cesses are anyway unlikely to happen in near-bulk
conditions, as the neighbours will likely block the
transition path.
• A subset with the single third-nearest neighbour
distance (4,1,4,1) exchange process; included as it
plays a significant role on the bcc{100} surface.
Exchange processes are more complicated than
jump processes as at least two atoms are involved,
which also increases the number of possibilities for
the reaction paths of the atoms for a particular
process. To construct a complete set of exchange
processes is therefore beyond the scope of this
work and we have settled for only including
the most simple third-nearest neighbour distance
exchange (4,1,4,1) process, which, because of its
relatively low barrier, 1.95 eV, is likely to be
important.
The barriers are mostly below 6 eV, as can be
seen in figure 1, but a few barriers can be seen to be
around 7 and 8 eV. These outlier barriers may or may
not be artefacts from the automatic calculations of the
barriers. In any case, a few barriers with very high
barriers are unlikely to change the overall behaviour of
the whole barrier set of thousands of barriers.
In table 1, the energy barriers for three processes
(first-, second-nearest neighbour jump, and a exchange
process) are shown. It can be seen that the effect
of the tethering force for these processes are 0.02 eV
at most, which is minimal. In [12], it was found for
the generally smaller Cu barriers, that 95 % of the
barriers were changed by less than 0.5 eV by the
tethering force, which is still small. Comparing the non-
tethered NEB calculated barriers in table 1 with DFT
values from the literature, listed in the same table,
suggest that the interatomic potential by Marinica et
al. [19] may predict the barriers with up to ∼30%
errors, although the order of the barrier values are
the same as calculated with DFT. It can also be
noted that the Marinica potential does not predict the
“zigzag” reconstruction of the W{100} at temperatures
below 250 K, which has been observed in experiments
and DFT calculations [23–25], and would give slightly
higher barrier values, as shown in table 1. The potential
also slightly underestimate the surface energy of the
{100} surface, compared to DFT, as shown in table
3. The other surface energies, as calculated by the
potential, follows the same order as found in DFT,
which is more essential for capturing the correct surface
dynamics than having precise values for the surface
energies. The potential by Derlet et al. [21] have all
the surface energies in the same order as DFT, but
the NEB calculations with this potential were found to
converge too slowly for our needs, as thousands of NEB
calculations are needed for a complete barrier set. With
these considerations, the potential by Marinica [19] was
considered the best choice. Systematic errors in the
barrier values may not necessarily affect the dynamics
of the KMC simulations, but might affect the time
estimates. This may to some degree be compensated
by the fitting of the attempt frequency (section 3.1.5),
which ensures that the time scale is comparable to
corresponding MD simulations.
Our estimations, using two different methods, of a
second-nearest neighbour atom jump in section 3.1.5
did not find support for G Antczak and G Ehrlich,
claims that such processes would have four orders
of magnitudes higher attempt frequencies. On the
contrary, we found a difference between first- and
second-nearest neighbour jumps of at most one order
of magnitude, using two different methods: MD and
harmonic approximation. The attempt frequency of
the single third-nearest neighbour exchange process
included in the parameterization was estimated with
MD to be within the same order of magnitude,
1012 s−1, as the first-nearest neighbour jump. The
exchange process was not estimated with harmonic
approximation as this method may not be valid for
other than single jump transitions. Since we can
expect the attempt frequencies of all transitions to
be relatively close to each other and as calculating
all thousands of attempt frequencies would be quite
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challenging, it is well motivated to fit and use a global
attempt frequency ν for all atom transitions in the
parameterization. The global attempt frequency ν =
(4.3±2.1)·1014 s−1 was fitted by simulating the thermal
flattening of small 2.7 nm high W tips at 3000 K and
comparing with the corresponding MD simulations,
as described in section 3.1.5. Similar fitting of global
attempt frequencies has been done in previous KMC
works [9, 10, 12]. This ν will only act as a scaling
factor for the time estimates in the KMC model and
only roughly correspond to the attempt frequencies
that were earlier estimated for individual transitions in
table 1. The relatively large difference in value between
the calculated attempt frequencies and the fitted ν
may come from some barrier values that are calculated
imprecisely in the automated NEB calculations. Since
we have thousands of barriers, it is hard to pinpoint
individual problematic barriers. It is also possible that
adding more long transitions, such as third-nearest
exchange processes, may improve the precision of the
model, but these processes may require some more
thorough systematic studies, which we will leave for
the future. Instead we can look at the barrier set as a
whole and see that it produces the correct dynamics,
as was done in section 3.2. Since the same ν is used
for all transitions, the dynamics of the simulations will
not be affected by the value of ν. KMC simulations of
W systems have timescales that may be vastly larger
than MD simulations, which makes it difficult to make
corresponding MD simulations for comparing the time
scales. Our value of ν is fitted to flattening process of W
nanotips and can therefore be expected to give roughly
correct time scales for KMC simulations of other W
nanotips. How the time estimate given by our value
of ν would be affected by other surface processes than
nanotip flattening, is beyond the scope of this work.
In section 3.1.5, the nanotips simulated with KMC
using our parameterization showed qualitatively the
same flattening process as seen in MD simulations of
the same nanotip, which is a good validation of the
parameterization. To further test the dynamics of the
W parameterization, we showed in section 3.2 that W
clusters simulated with KMC and our parameterization
will evolve towards the energetically favourable shape
predicted by the Wulff construction. Since these kind
of simulations can be be very time consuming and it
is hard to tell at which point a particular cluster has
found an equilibrium shape and stopped evolving, we
used an approach where we started with the Wulff
construction and showed that the cluster will not
change over a reasonable large number of KMC steps.
For the small clusters with 1024 atoms we could show
that a cubic clusters evolved as predicted into the
Wulff construction shape. If the cluster started in the
Wulff construction shape, it would not evolve at all for
the same number of steps. We also simulated a larger
W cluster with 39.000 atoms at a lower temperature,
which started in the shape of the Wulff construction
and did indeed not significantly evolve after 6.2 µs or
108 steps, which corresponds to four weeks of CPU
time. We also tried a slightly different initial shape,
actually based on the Wulff construction using the
DFT surface energy values, with the expectation that
this cluster would evolve into the same shape as the
other large cluster, but it seems that 108 steps were
not enough for this to happen and it is possible that
the cluster found a local energy minimum shape, which
given enough time, still would evolve towards the Wulff
construction shape, predicted by the potential. The
fact that all clusters with the shape of the Wulff
construction were found stable and that the small cubic
cluster evolved into the same Wulff shape, are good
confirmation of the validity of the KMC model and
our W parameterization.
5. Conclusions
We have calculated the surface migration barriers
that form a complete parameterization suitable for
Kinetic Monte Carlo simulations of arbitrary rough
tungsten (W) surfaces and nanostructures, such as
e.g. nanotips, or nanoclusters. The parameterization
includes first- and second-nearest neighbour atom
jump barriers. A third-nearest neighbour exchange
process barrier for the {100} surface was also
calculated. An attempt frequency was fitted to give
a time scale of the same order of magnitude as in
Molecular Dynamics simulations. The same attempt
frequency was found sufficiently precise for any first-
, second- or third-nearest neighbour atom transition.
The parameterization was validated by comparison
to Molecular Dynamics simulations and by correctly
simulating the Wulff-constructed energy minimum
cluster shape.
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